Endurance exercise training increases basal active tone in coronary arteries and enhances myogenic tone in coronary arterioles of control animals. Paradoxically, exercise training has also been shown to augment nitric oxide production and nitric oxide-mediated relaxation in coronary arterioles. The purpose of the present study was to examine the effect of exercise training on basal active tone of arterioles (~150 µm ID) isolated from the collateraldependent region of hearts exposed to chronic coronary occlusion. Ameroid occluders were surgically placed around the proximal left circumflex coronary artery of miniature swine.
Introduction
Significant evidence indicates that endurance exercise training enhances blood flow capacity in both normal and diseased hearts (6, 21, 22, 24, 34 ). This effect is especially critical in diseased hearts, such as those with underlying progressive occlusion or stenosis of a coronary artery. Coronary collateral artery development following progressive chronic occlusion is often insufficient to restore adequate blood flow to the collateral-dependent myocardium during periods of increased metabolic demand (33). Importantly, endurance exercise training improves the perfusion deficit and contractile dysfunction of collateral-dependent myocardium (34).
Chronic exercise training has also been established to reverse the impaired relaxation and enhanced contractile responses of coronary vasculature distal to chronic occlusion (8) (9) (10) 15) , which may contribute to increased perfusion capacity of the myocardium at risk (34).
In coronary arteries and arterioles from normal hearts, exercise training augments nitric oxide-mediated relaxation responses (27), basal nitric oxide production (35), and endothelial nitric oxide synthase (eNOS) protein and mRNA expression (23, 35, 39) . In addition, blockade of K + channels increases resting tension to a greater extent in coronary arterial rings of exercise trained compared with sedentary pigs, indicating that the K + channel contribution to basal tone is significantly enhanced after exercise training (4) . Paradoxically, studies have also reported increases in both basal tone and the myogenic responsiveness in coronary vasculature of exercise trained compared with sedentary animals (4, 26) . In coronary arterioles isolated distal to chronic occlusion, exercise training increases nitric oxide-mediated relaxation and eNOS mRNA expression (10) ; a response similar to that observed in coronary arterioles of normal animals. However, the effect of exercise training on basal tone and the contribution of nitric oxide and K + channels to resting tension have not been examined in arteries from diseased hearts. Therefore, the purpose of this study was to examine the effect of exercise training on basal active tone of coronary arterioles isolated from the collateral-dependent region of chronically occluded hearts and determine the role of nitric oxide and K + channels in the maintenance of basal tone. the proximal left circumflex coronary (LCX) artery as described previously (9, 10, (13) (14) (15) . Animals were preanesthetized with glycopyrrolate (0.004 mg/kg, im) and midazolam (0.5 mg/kg, im).
Methods

Experimental
Anesthesia was induced with ketamine (20 mg/kg, im) and maintained with 3% isoflurane and 97% O 2 throughout aseptic surgery. Animals recovered from the surgery for eight weeks before the experimental protocols were initiated.
Exercise training. Ameroid-occluded animals were randomly assigned to either a sedentary (n=46) or exercise training (n=47) group. Exercise trained pigs underwent a progressive treadmill exercise training program (5 days/wk for 14 wks) as described previously (9, 10, 15) . Sedentary animals were confined to their pens. Pigs were fed to maintain a matched body mass throughout the study. Effectiveness of the exercise training program was determined by comparing heart-to-body weight ratio and skeletal muscle citrate synthase activity as previously described (9, 10, 15 Arteriolar rings were mounted in specialized isometric microvessel myographs (Living Systems Instrumentation) as used previously (31,32), which allowed for direct determination of vessel wall force while internal circumference was controlled (28). The arteriolar rings were threaded onto two tungsten wires (20-µm diameter); one wire was attached to a force transducer and the other to a digitalized micrometer to allow precise changes in circumferential length of the vessel. Initially, arterioles were stretched using the micrometer to yield a baseline tension of ~0.1-0.2 mN/mm. Vessels were superfused continuously with aerated (95% O 2 , 5%
CO 2 ) Krebs bicarbonate buffer, warmed to 37 °C and allowed to equilibrate for 30 min.
Following the initial equilibration, arteriolar rings were progressively stretched to the maximum of the length-active tension relationship (Lmax) in increments equal to 10% of the initial vessel outer diameter. After each stretch, contraction was elicited with exposure to high KCl (40 mM) and Lmax was defined as the circumferential length at which developed tension was <5% greater than the developed tension produced at the previous length. Arteriolar rings were allowed to equilibrate for 45-60 min at Lmax prior to subsequent evaluation of pharmacological responsiveness.
Immunoblots. Arterioles (~150 µm diameter; ~6-8 mm length) were isolated from both the nonoccluded (LAD) and collateral-dependent (LCX) myocardial regions, quick frozen and stored at -80 °C for later immunoblot analysis of eNOS and phosphorylated eNOS (p-eNOS; pS1179). Arterioles were homogenized in 25 µl of 2x sample buffer (Tris-Cl, pH 6.8, 126 mM; glycerol, 12.6%; 2-mercaptoethanol, 1.44 M; bromophenol blue 0.004%; SDS 5%) using a pestle homogenizer. Arteriole lysate (5 µg total protein) was subjected to SDS-polyacrylamide gel electrophoresis (9-16.5 % gradient gel) and transferred to PVDF membrane. Membranes were cut and blocked for 2-4 h at 25°C in Tris-buffered saline containing 5% non-fat dry milk (Carnation) and 0.1% Tween-20, and incubated with primary eNOS or p-eNOS (top portion of membrane) and GAPDH (bottom portion of membrane) antibodies overnight at 4°C. Primary antibody dilutions were as follows: eNOS, 1:1250; p-eNOS, 1:750 and GAPDH, 1:1000 in blocking buffer. After washing, membranes were incubated with the appropriate horseradish peroxidase-conjugated species-specific anti-IgG (1:50,000-1:100 000 depending on primary antibody) for two hours at 25°C. Peroxidase activity was detected using SuperSignal West Dura Substrate (Pierce). Normalization for loading differences was accomplished using ratios of the densitometry signals for proteins of interest to GAPDH. Previous studies have documented no effect of chronic occlusion or exercise training on GAPDH expression (10, 39 CTzero is total contractile tension (endothelin-stimulated plus basal tone) and DTzero is the developed tension produced by endothelin. Body weight, heart-to-body weight and citrate synthase values were analyzed using one-way analysis of variance. Dimensional characteristics of coronary arteriolar rings, developed tension and immunoblot data were compared using two-way analysis of variance. Concentration-response relationships were analyzed using two-way analysis of variance with repeated measures. Bonferroni correction for multiple comparisons was used when a main effect was identified by analysis of variance. For all analyses, a P value 0.05 was considered significant. Data are presented as mean ± SE,
and n values in parentheses reflect the number of animals studied. When more than one coronary arteriole from the collateral-dependent or nonoccluded regions of a given animal was used in identical protocols, the responses from these rings were averaged before data analyses were conducted. , respectively).
Results
Efficacy
Coronary arteriole dimensions and characteristics. No significant differences in dimensional characteristics were observed between nonoccluded LAD and collateral-dependent LCX arteriolar rings from either sedentary or exercise trained animals (Table) . Basal tension of rings following stretch to Lmax was not different between groups.
Effects of occlusion and exercise training on basal active tone. Exposure to nominally
Ca 2+ -free external solution reduced resting tension in coronary arterioles from the nonoccluded and collateral-dependent regions of both sedentary and exercise trained animals; however, the decrease in resting tension was significantly greater in the collateral dependent arteriolar rings of exercise trained animals compared with rings from the other treatment groups ( Figure 1A ).
Incubation of coronary arterioles with the NOS inhibitor, L-NAME (100 µM; Figure 1B ), increased resting tension in all treatment groups; however, arterioles from the collateraldependent region of exercise trained animals displayed a significantly greater increase in tension than rings from the other treatment groups.
Exposure to nominally Ca Similar to that observed in the absence of NOS inhibition, IbTx again produced minimal change in resting tension in the presence of nitric oxide inhibition, with no significant differences between treatment groups.
Immunoblots for eNOS and p-eNOS (pS1179). Determination of protein levels by
immunoblot revealed that exercise training significantly increased eNOS protein content in coronary arterioles of the collateral-dependent region ( Figure 4A ). The protein content of peNOS (pS1179) was increased by both occlusion and exercise training alone; furthermore, these effects appeared additive as p-eNOS protein levels were significantly greater in the collateral-dependent arteriole of exercise trained animals compared with those from the other treatment groups ( Figure 4B ).
Discussion
In the present study, we demonstrate for the first time that collateral-dependent coronary arterioles of exercise trained animals display significantly enhanced Ca -dependent tone observed in these arterioles under basal conditions. Indeed, taken together with our findings of increased eNOS and p-eNOS protein levels in the collateral-dependent coronary arterioles following exercise training, our data suggest that the enhanced constrictor response to NOS inhibition with occlusion and exercise training may be attributable to increased nitric oxide production.
Previous studies have documented increased eNOS protein and mRNA expression with endurance exercise training in arteries and arterioles from control and diseased hearts (10, 11, 23, 35, 39 ). In our model of chronic occlusion, Griffin et al. (10) previously reported that chronic occlusion decreased eNOS mRNA expression in small arterioles (~100 µm ID) isolated from the collateral-dependent myocardium compared with that of the nonoccluded region.
Furthermore, exercise training reversed the reduced eNOS mRNA expression observed in arterioles isolated distal to chronic occlusion (10) . Similarly, in the present study, eNOS protein levels in sedentary pigs tended to be decreased in arterioles from the collateral-dependent myocardium compared with the nonoccluded region, and exercise training significantly enhanced eNOS protein levels in vessels from the collateral-dependent region. Interestingly, we also demonstrate a tendency for enhanced constriction to NOS inhibition in the collateraldependent region of sedentary animals despite a slightly reduced eNOS protein level. This finding may be attributable to the increased p-eNOS protein levels in arterioles from the collateral-dependent myocardium and subsequent increased nitric oxide production via the phosphorylation of eNOS.
In an elegant clinical study, Hambrecht and colleagues exercise trained candidates for coronary artery bypass grafting for four weeks prior to bypass surgery (11). Subsequent ex vivo evaluation of a sample of the left internal mammary artery taken at surgery, revealed improved endothelium-dependent relaxation and increases in eNOS protein and mRNA expression as well as enhanced phosphorylation of eNOS at S1177 (human equivalent of porcine S1179) in patients that were exercise trained compared with sedentary counterparts (11). These findings support our observation that exercise training enhances eNOS and p-eNOS protein levels in the underlying setting of coronary artery disease. Control subjects were not included in these studies (11), thus whether coronary artery disease altered eNOS and p-eNOS protein levels compared with arteries from control subjects was not determined.
Our finding that the relaxation response to the nitric oxide donor, nitroprusside, was similar in arterioles of all treatment groups indicates that the smooth muscle responsiveness to nitric oxide and the downstream protein kinase G-dependent pathway are not altered by occlusion or exercise training in arterioles. These findings are in agreement with previous findings in arterioles of both normal and diseased hearts (10,27) and provide evidence that the increase in resting tension in response to NOS inhibition (L-NAME) in arterioles from the collateral-dependent region of both sedentary and exercise trained animals may be attributed to enhanced nitric oxide bioavailability rather than increased responsiveness of the vascular smooth muscle of these arterioles to nitric oxide.
Previous studies have reported that BK Ca and Kv channel inhibition enhances resting vascular tone (5, 19, 36) . These findings suggest that basal K + channel activity counteracts the development of tone, most likely via membrane hyperpolarization and subsequent inhibition of Ca 2+ influx through voltage-dependent Ca 2+ channels (30). At concentrations of 1 mM, TEA is generally accepted to block primarily BK Ca channels. However, we have previously documented that 1 mM TEA markedly inhibits Kv channels in coronary arterioles (12). Similarly, in the present study, while TEA substantially increased resting tone in coronary arterioles from all treatment groups, the selective BK Ca channel inhibitor, IbTx had a negligible effect on basal tone, suggesting that TEA exerted its effect via Kv channels. Taken together, our data suggest that Kv channels contribute substantially to basal tone in coronary arterioles of nonoccluded and occluded regions in both sedentary and exercise trained pigs ( Figure 3A and 3B) . Interestingly, the contractile responses to Kv channel blockade was significantly greater in arterioles isolated from the collateral-dependent region of exercise trained animals, suggesting that Kv channels contribute to the regulation of resting tension to a greater extent in these arterioles. These data are the first to demonstrate increased Kv channel activity under basal conditions in vasculature of the collateral-dependent region of exercise trained pigs. In contrast to a previous observation that endurance exercise training increases the K + channel contribution to basal tone (4), we found that basal tone in arterioles from the nonoccluded region was not altered by exercise training. Furthermore, endurance exercise training has previously been reported to enhance both nitroprusside-sensitive basal tone and myogenic responsiveness in the coronary vasculature of control animals (4,26). Our observation that basal active tone in arterioles from the nonoccluded region remained unaffected by exercise training suggests that chronic occlusion may produce global coronary adaptations that differ from that observed in the normal heart, a finding similar to that observed previously (17) .
We also examined the response of these arterioles to K + channel blockers following pretreatment with L-NAME (100 µM) and revealed that, in the presence of NOS inhibition, the contractile response to K + channel blockade was enhanced when compared to the response in the absence of NOS inhibition. These data suggest an increase in K + channel activity secondary to NOS inhibition or the removal of an inhibitory action of nitric oxide on K + channel activity. Previous studies have documented nitric oxide-mediated stimulation of K + channel activity (2, 20, 29, 38) suggesting an inhibitory action of nitric oxide on K + channel activity in our studies is unlikely. Nitric oxide has also been reported to inhibit Ca 2+ channels (16); thus, NOS inhibition would remove an inhibitory effect on Ca 2+ channels. Subsequent membrane depolarization in response to K + channel inhibition may result in increased Ca 2+ influx and enhanced vascular smooth muscle contraction (30), such as the increased contraction observed in response to K + channel blockade after NOS inhibition in our studies. However, the mechanism by which NOS inhibition increases Kv channel activity in our preparation remains unknown.
Although the observed enhanced basal active tone, nitric oxide production, and K + channel activity is paradoxical, these adaptations may provide a basis for enhanced flow reserve and vasodilatory capacity in the collateral-dependent region after exercise training. We speculate that chronic, intermittent increases in coronary blood flow that are associated with exercise training generate physical forces, including shear stress and distention, at the vascular wall that may contribute to the adaptations observed in these studies. Cyclic strain and shear stress have both been documented to increase eNOS expression in cultured endothelial cells 
Limitations
We recognize the difficulties of extrapolating in vitro findings to the intact heart; however, we examine the intrinsic properties of coronary smooth muscle and endothelium using in vitro approaches because the intricate relationships of numerous mechanisms that control coronary vasomotor tone make in vivo measures difficult to interpret. However, direct correlation of our findings to in vivo responses remains unknown. Furthermore, the adaptations observed in our study may be time-dependent in that with longer term exercise training and potentially further increases in collateral development, structural adaptations may occur in the collateraldependent vasculature that reduce the stimuli for the adaptations we observe after 14 weeks of exercise training. For example, mechanical stimuli (shear stress or distention) may be reduced by structural changes in the collateral-dependent vasculature, reducing the stimuli for increases in eNOS expression in these arterioles. Thus, after longer-term exercise training, adaptations in the coronary circulation may be more structural in nature than functional.
Clinical Implications and Conclusions
Our studies demonstrate increased eNOS and phosphorylated-eNOS protein levels and increased nitric oxide bioactivity under basal conditions in the collateral-dependent region of exercise trained animals. Taken together with previous findings from our group that agonistmediated, nitric oxide-dependent relaxation is enhanced in collateral-dependent arterioles of exercise trained animals (8, 10) , the current studies support the concept that exercise training enhances the regulatory role for nitric oxide in coronary microvascular function in the underlying setting of coronary artery disease. Similarly, recent clinical studies have revealed that chronic exercise training in coronary artery disease patients leads to improved endothelial-dependent vasodilatation that is associated with increased eNOS and phosphorylated-eNOS protein levels (11). We speculate that the effects of exercise training observed in our studies contribute to improved perfusion and enhanced vasodilator reserve of the collateral-dependent myocardium.
Exercise may provide persistent ischemic and mechanical stimuli that elicit continued development of the collateral circulation which may not be present under resting conditions.
The observed increase in Ca
2+
-dependent basal active tone suggests that Ca 2+ channel blockade may specifically enhance blood flow into the collateral-dependent region of exercise trained animals. However, the effectiveness of Ca 2+ channel antagonists in chronic coronary artery occlusion/stenosis depends in part on the degree of collateralization (18) . Previous studies of patients with stenosed or obstructed coronary arteries have indicated that those individuals with relatively greater collateral blood flow, develop significant increases in ischemic episodes following Ca 2+ channel antagonist administration, whereas patients with poor or no collateral flow showed a reduction in ischemic episodes with Ca 2+ channel blockade (7) . These data suggest that because the reduction in coronary resistance with Ca 2+ channel antagonism is typically greatest in the normally perfused (nonoccluded) region, flow to the collateral vasculature is reduced and myocardial ischemia is exacerbated in the collateral-dependent region. Thus, the increased ischemic activity in patients with relatively higher collateralization may result from a coronary steal phenomenon (7, 18) . In the porcine model of chronic coronary occlusion, the improvements in perfusion and contractile function of the collateral-dependent myocardium observed after chronic exercise training have been attributed to increased collateral development (25, 34) . Thus, Ca 2+ channel antagonism in our model of chronic occlusion may similarly exacerbate myocardial ischemia in the collateral-dependent region of exercise trained animals. However, the effect of Ca 2+ channel blockade in this model has not been evaluated.
In conclusion, our data demonstrate that coronary arterioles isolated from the collateral- 
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